We investigate the dynamics of a dilute suspension of active colloidal system whose self-propulsion speed is modulated according to the local density using rules adherent to quorum sensing. A coarsegrained Brownian dynamics simulations approach is employed to study the dynamics of active colloidal system. The transition from homogeneous gaseous-state to a liquid-like cluster and the long-range ordered crystal-like cluster is characterized through the their size and structure analysis. We show that how the prospective choice of concentration dependent motility of colloidal particles affects their collective dynamics and leads to living crystal in the system at very low packing fraction φ = 0.15 for very high self-propulsion speed. The transition boundary of these phases are identified via local-order and global bond order parameters, bond-correlation, and swim pressure of the system. In addition, we have shown that the qualitative behavior of effective diffusion coefficient and swim pressure exhibit similar characteristic feature.
INTRODUCTION
A collection of self-propelled units constitutes an outof-equilibrium system, which harvest ambient energy from the environment to execute persistent motion [1] [2] [3] . They exhibit remarkably complex collective dynamics which is absent in its passive counterpart, such as self-organization at low density [4] [5] [6] [7] [8] [9] [10] [11] , flocking [12, 13] , swarming [14] , vortex-formation [15] , formation of linear chains [16] , anomalously large density fluctuations [17] , non-monotonic behavior of active pressure [18, 19] , etc. The phase separation of such system has been rigorously explored by synthetically designed objects in lab where they can manipulate dynamical structures by means of light control motion of active colloid [15, 20, 21] , diffusiophoretic motion, or chemical gradients of various species, etc [21] [22] [23] [24] [25] [26] [27] .
The recent investigations in the area of active colloids are mainly categorised in two themes, one is ordering due to alignment interactions [17, [28] [29] [30] [31] [32] [33] , and other one is motility induced phase separation (MIPS) [17, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . The alignment interaction breaks the symmetry of system, and exhibits ordering in the velocity field that leads to the structural organisation [5, 28, [45] [46] [47] [48] [49] [50] [51] . The later case, the MIPS, is a consequence of steric and selfpropulsion forces [52] , here a dense aggregate coexist together with a low density gaseous phase [17, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] at packing fractions below the liquid-gas transition point (φ ≈ 0.4) [17] .
The coordinated motion in many biological systems is consequence of complex communication pathways among distinct individual units as the few bacterial colonies produce extra-cellular molecular enzymes or anti-bacterial * fjose@iiserb.ac.in † skanand@iiserb.ac.in ‡ spsingh@iiserb.ac.in agents [53, 54] . In another example, bio-luminescent bacteria Aliivibrio fischeri [55] produces luminescence after sensing their population density beyond a certain threshold value. The communications among them is termed as 'quorum sensing', as it regulates their ability for biochemical processes namely for the growth of local population density and regulation of gene expression [55, 56] , communication among cells [57] , their motility [56, 57] , etc. The ability of self-regulation of the motility have been adopted in simpler models for the motile rod like colloids in simulations resulting a rich dynamical phase diagram [58, 59] . The introduction of an analytic function to regulate motility imparting a local density dependence serves similar purpose in numerical calculations [60] . The question arises here that how the ability of self-regulation of motility affects the spontaneously emerged phase separation of active colloidal systems? In theoretical models, two types of self-propulsion mechanisms have been proposed for the active matter systems, one is the 'run and tumble' model [61] , where the direction of motion abruptly changes this model has been employed for various bacterial species [62] [63] [64] . In the other description, named as Active Brownian particle(ABP) model, the direction of motion continuously varies and it is dictated by the rotational diffusion coefficient [33, 58, [65] [66] [67] [68] [69] [70] [71] [72] .
Here, we perform molecular dynamics simulations of a dilute suspension of ABPs. To regulate their speed in a very simple manner, the self-propulsion speed is considered as a linearly decreasing function of the local density. Our simulations reveal that the density regulated motility enhances the cluster formation and results in living crystals at a packing fraction as low as φ ≈ 0.15. The largest cluster size and its distribution reveals a dense phase surrounding with the low density phase beyond a critical density. The local and global order parameter defined from the the angle between nearest neighbors, Θ, and a bond orientation parameter Ψ 6 and C q6 signifies the hexatic ordering at large Péclet numbers. The dynamics of colloids are quantified in terms of arXiv:2004.01996v1 [cond-mat.soft] 4 Apr 2020 the mean-squared-displacement (MSD), it displays subdiffusive behavior in the short-time with a plateau in the intermediate time range. The effective diffusion coefficient and the swim pressure in the phase separated states display a cross over from the parabolic increase to a power law with an exponent 3/2 on Péclet number. In addition to that, the stability of the cluster is recognised in terms of the large repulsive and self-propulsion forces at the cluster boundaries.
We have organised article as follows: Section II elaborates the simulation approach, all the results are presented in section III and they are summarised in section IV.
II. SIMULATION MODEL
We model a collection of self-propelled polar units in two dimensions driven by locally variable force. These units interact with each other via repulsive-shifted Lennard Jones (LJ) potential given as,
(1) Here, i and j are particle index, r ij = |r i − r j | is the distance between the pair, is the LJ energy, and σ is the diameter of the disk. These particles are considered as polar units and its orientation vector is given asê.
The equation of motion of a particle and its orientation vector is governed by the over-damped Langevin equation,ṙ
Here γ is the drag coefficient, F R i is the thermal noise with zero mean, F a,i is magnitude of the active force, and its direction is given by the orientation unit vectorê i = (cos θ i , sin θ i ). The direction of polar vector e obeys the rotational diffusion with an angle θ i , measured from the x-axis. The friction coefficient and the thermal noise are coupled via fluctuation-dissipation rela-
i is a random torque on a particle, and the relation of random torque with rotational diffusion is given as
σ 2 are the translational and rotational diffusion constants, respectively.
We take into account the effect of local environment on the motility in a very approximate manner. For the simplicity, F a here is assumed to be a linear function of its nearest neighbors in a cut-off distance of R c ≤ 1.3. Thus the active force is linearly diminishing with the growth of local population as,
Here, n stands for the number of nearest neighbor to particle i, F a,i is the active force on an isolated particle that is modified to F a,i in the presence of neighbors within a cut-off distance of R c = 1.3σ. The prefactor β ≈ 1.8 is chosen so that the function is calibrated to be linearly decreasing from F a,i = F a,i at n = 2 to F a,i = 0 at n = 6. Once center of a neighboring particles cross the cut-off, the particles are assumed to be completely inside the screening area. The apparent local area fraction in the circle of radius R c with particle i at the center is approximated as φ i = α π σ 2 2 + nA here α = (πR 2 c ) −1 , and A ≈ 0.6531σ 2 is the approximate area of the disk located within the the cut-off distance R c . The maximum packing fraction within the cut-off radius is given by, φ m = α π σ 2 2 + 6A . All the parameters presented in this manuscript are in dimensionless form, where length is scaled by σ (diameter), energy is in unit of k B T (thermal energy), and time is in unit of τ = σ 2 /D t . The Brownian dynamics method is employed with a time step of 10 −4 τ to 10 −5 τ and rotational diffusion D r = 3D t /σ 2 . The simulation box is taken to be a square and periodic in each direction. All the results are quantified in parameter landscape of packing fraction Φ = πσ 2 N 4L 2 and dimensionless Péclet number Pe = Faσ k B T in equivalence of self-propulsion speed. The number of particles are taken N = 1225, which is kept constant for all the parameters. The simulation box is varied to achieve the packing fractions 0.05 to 0.3, and Pe is varied in the range of 0 to 250. The statistics for each data set is generated by averaging over 20 independent sets.
III. RESULTS
A collection of self-propelled hard-colloids yields a very rich collective phase behavior [1, 2, 17, 33] . The presence of short-range physical or chemical attraction among them further aids noticeable influence on the local inhomogeneity, separation of chemical mixtures and reentrant phase behavior of active colloids [11, 73] . A density dependent motility enhances the richness of the phase diagram of such systems. Here, we reveal the role of density dependent self-propulsion on the aggregation of repulsive self-propelled system.
A. Phase Separation
A few snapshots of emergent structures at various activity strengths are displayed in Fig. 1-a The gradient of color shows the speed of the particles from fast motion (red) to slow motion (blue).
In the limit of low Péclet number, a group of smaller clusters are formed, these clusters grow in size at the intermediate Pe < 60, exhibiting a liquid-like characteristics (See Fig. 1 -a and b). Our simulations show a dense aggregation of self-propelled colloids with a longrange structure even at a very small packing fraction, Φ ≈ 0.15, as Fig. 1 -c and d illustrates. The bigger aggregates find frequent collisions with freely moving individual active particles at higher swimming speed, i.e., Pe >> 1. After collision with cluster their speed dramatically slows down, comparatively slow rotational diffusivity causes them to be part of the aggregates until their orientation changes. Consequently, size of the aggregate exhibit instantaneously a sharp growth in the size.
These snapshots clearly reveal that for smaller values of Pe < 1, system remains in a gaseous-like phase with a few very small dynamic aggregates. In this regime, thermal fluctuations overpower the active force and maintains the homogeneity in the space, analogous to the passive system. The size of these aggregates grows with increasing Pe. In the intermediate regime nearly at 10 < Pe < 60, the smaller clusters are formed with short life time, which breaks and forms through out the system for Φ = 0.20. The size of the largest cluster grows with Pe and eventually becomes of the order of the system size in the asymptotic limit of Pe > 50 as evident from The phase separation even at low density is a consequence of slowing down of the colloid after the collision at the interface and it goes inside a cluster as it finds more neighbors. The multi-body collision grows with Pe, hence the probability of finding many particles together in a small neighborhood increases, which results instantaneous slow down of the propulsion speed as proposed in the activity screening scheme of Eq. 3. This effect is illustrated in the snapshots by colors where blue is for the slow moving particles as opposed to fast moving from the red (see color bar in Fig.1 ). It is evident from the snapshots that deep inside a cluster or at interface, particle speed is relatively slower than the outside one. Therefore the slow motion of a cluster encounters frequent collision with the fast moving particles leading to slow them as well. As a consequence, growth of the cluster increases with speed of the swimmers.
The inhomogeneity in the system grows with Péclet number and this can be quantified through the size of aggregate, specifically the largest one (N C ) and the size distribution of aggregates. This will be able to provide a measure for the transition from an isotropic phase to a bimodal phase mixed with liquid-like aggregates with gaseous-phase. The size of largest cluster is computed assuming that the particles which lie within a chosen threshold distance (1.3σ) with each other are connected and they are accounted as a part of a cluster. Fig. 2 -a displays the average size of the largest cluster N c as a function of Pe for packing fractions Φ = 0.15, 0.2, 0.25 and 0.3. The average size of cluster, beyond the critical value Pe > Pe c , becomes quickly of the order of the system size. For Pe >> Pe c , its growth becomes very slow. Although, the largest cluster diffuses and its shape continuously fluctuates over the time, but the average size of cluster is nearly stable. In addition, the transition for denser system occurs at smaller critical Pe, which is effect of larger many-body collision at higher Φ, as a result aggregation of small clusters within the system occurs at smaller Pe.
In the phase separated state, the coexistence of larger clusters with gaseous state can be qualitatively accessed from the distribution of its size. For this we compute the distribution P (N C ) as presented in Fig. 2-b . The distribution illustrates a single peak for the smaller cluster size for all Pe. The height of peak diminishes with Pe, which can be seen in the inset of Fig. 2-b . For the better visualisation distribution is split into two parts, smaller clusters are in the inset and larger one is in the main plot of Fig. 2-b . The peaks for large cluster size appears nearly at Pe ≥ 60 and it shifts towards larger size with very pronounced height. The presence of bimodal peaks in the distribution is a signature feature indicating the coexistence of two phases.
B. Structure of Cluster
Evidently, long-range ordering with a hexagonal crystalline structure is prevalent in the largest aggregate after phase separation. To quantify the internal structure and its ordering in 2D, we analyse an angle Θ between two successive vectors connecting the six nearest neighbors of each particle. The definition of Θ, as exemplary, is illustrated in Fig. 3 -a. This is defined in a way that for a perfect hexagonal structure it contains sharp peaks in the distribution, P (Θ), at the values of Θ = 60, 120, 180, 240 and 300 and peak at 0 or 360 are ignored. For Pe < 60, the distribution is flat exhibiting no peaks, thereby suggesting a homogeneous phase without any long-range ordering. As anticipated, sharp peaks in the distribution of Θ spontaneously appear in Fig. 3 -a for a larger Pe ≥ 60. Besides the increase in the height of the peaks, their widths are localised to the aforementioned angles with increase in Pe.
The distribution of Θ reveals a hexagonal ordering in the regime of large Pe. To further corroborate our claim of the hexagonal phase in the largest cluster, we analyse the bond orientational order parameter proposed in the literature [65, [74] [75] [76] [77] ,
where N (i) runs over six nearest neighbors of i th particle and θ ij is the bond angle between a pair ij around an arbitrary axis (see Fig. 3-a) . From the local parameter, we estimate a global order parameter [65] ,
The global order parameter Ψ 6 , lies in the range of [0, 1], where 0 represents for the isotropic phase of the system and 1 is for the perfect crystalline phase [65, [74] [75] [76] [77] . The order parameter Ψ 6 is zero in the limit of small Péclet number Pe < 60, and for Pe > 60 at φ = 0.15, it becomes non-zero with with a sharp rise in its value as Fig.4 -a illustrates. The non-zero values of Ψ 6 reveal the presence of long-range ordering within the structure. In the case of denser suspensions, the phase transition appears for relatively smaller Péclet number. Analogous to Ψ 6 , we can employ another parameter, correlation of the q 6 parameter, C q6 , which shows bi-modal peaks in the phase separated states (see Fig. SI.3 ).
C. Force Distribution
The local density ρ(R) of the cluster from its centre-ofmass is estimated and displayed in Fig. 5 -a. The density within the cluster remains constant near the centre while it falls sharply towards the edges of the cluster and hence provides an estimate of the average radius of the cluster. The decay of density near the edges falls sharply for higher Pe, suggesting relatively small fluctuations near boundaries. The physical forces responsible for a stable cluster in the crystalline state against the entropic forces are analysed here. The total force on the largest cluster w.r.t. its centre of mass (R CM ) assuming that the cluster is spherically symmetric is presented here. The magnitude of total repulsive and active forces on the largest cluster are displayed in Fig. 5-(b) . The magnitude of repulsive LJ force deep inside the cluster is constant and it slowly dies towards the effective boundary. The plateau value of the repulsive force in the bulk grows with Pe as a consequence of much denser structure at high Pe as shown in Fig. 5-a . The density of particles in outer region is smaller, hence, in this range the magnitude of repulsive force from the nearest interactions yields the smaller values (See Fig.5-a) .
Surprisingly, for larger Pe >> P e c , the LJ force near the boundary develops a peak for Pe > 60 near |R − R CM | ≈ 17. The height of peak grows in a very pronounced way with Pe. The peak in the repulsive force can be corroborated by the magnitude of the selfpropulsive force on the surface, this is shown on the same plot with shaded symbols (see Fig. 5-b) . Evidently, the self-propulsion force reflects a maximum near the surface and it dies towards the boundary and deep inside the cluster. This is along the line of our assumption in Eq. 3 that at the higher density self-propulsion force remains close to zero. The particles at the edge of the cluster is having lesser number of neighbors which makes activity higher on the edges accordingly and the propulsion speed deep inside the cluster is smaller.
The magnitude of large active force on the surface causing the inward pressure from the surface molecules results in a large repulsion on the surface. This repulsion and magnitude of the active forces grow with Pe >> P e c . The internal pressure balanced from the active force on the surface results in a stable active crystalline phase which emerges even at very small densities. For smaller Pe < 50, the difference in the average force F LJ and F a is small, because of which, the entropic forces dominate over the effective attractive force. Hence, fluctuations at the boundaries are dominant over the inward repulsion along the boundary prior to the critical density. In summary, the collision due to active force results a peak in repulsive force and slow rotational diffusion of polar molecules results large active inward pressure, which holds the stable cluster across the system.
D. Dynamics of cluster
The dynamical behavior of the colloids in the aggregates can be accessed via its mean-square-displacement (MSD). However, this is a non-trivial task in terms of computation since the cluster is not in a frozen-state although it has long-range crystalline-structure. A colloid inside the cluster is highly mobile at larger time-scales. In order to compute the MSD of a molecule, we choose only those molecules of the largest aggregates close to centre of the cluster so they do not leave the cluster in the estimated time-scale. As expected, at short time-scales, it has sub-diffusive behavior due to the constraint to the motion in the presence of neighbors in the close proximity (see Fig.6-a) . Furthermore, at the intermediate time scales, as the self-propulsion is mostly being suppressed and the particles are caged in the aggregates, the MSD shows a plateau which further suggests the suppression of any kind of motion at this scale. More importantly, the width of the plateau regime becomes prominent at higher Pe, as it continually extends to the larger timescales as Fig. 6 reveals for Pe = 70, 90, 150, 200, and 250. At larger time scales, the particles diffuse faster and it may drift away from the center, hence the MSD attains super-diffusive behavior. This causes the enhanced dynamics of the colloids as evident for Pe = 70 curve at latter timescales (t > 0.1). A dashed line shows the super-diffusive behavior with < ∆r 2 (t) >∼ t 3/2 with an exponent 3/2. The super-diffusive regime for larger Pe will also appear for the larger time-scales, although the exponent may not be the same.
In addition to the local short time dynamics of colloids, we further estimate the average characteristic feature of the colloids from the effective diffusion coefficient. Here, we calculate the MSD of the colloids averaged over all the particles in the system. The MSD of the active colloids exhibits sub-diffusive (short time), super-diffusive (intermediate time) followed by the diffusive (long time) regime for the phase separated states (See Fig. SI-4) . The effective diffusion coefficient obtained from the diffusive regime is plotted as a function of Pe in Fig.6-b . In the homogeneous phase, effective diffusion coefficient increases quadratically. Interestingly, for the large Pe the increase in D τ is less than the quadratic dependence, where it grows with a power-law behavior with an exponent 3/2 for Φ ≥ 0.15. Thus, the translational diffusion coefficient exhibits a cross-over from Pe 2 (quadratic) in homogeneous to Pe 3/2 behavior in the phase separated state. The inset of the curve shows the behavior of the normalized D τ /D 0 τ , where D 0 τ = D t + 3Pe 2 /2 is the effective diffusion coefficient for ideal active particles at same Pe. As expected from the effective diffusion coefficient, the dynamics of particle substantially slows down with τ is the effective diffusion coefficient [18, 19] of the ideal non-interacting active particles at same Pe.
the we clearly see D τ decreases with packing for Pe [18] .
E. Swim Pressure
The pressure within MIPS can be used to identify phase boundaries as it exhibits a non-monotonic behavior on density with sharp jump near the transition point [18, 37] . The total pressure has contributions from the thermal fluctuations, the interaction force, and the active force which is termed as swim pressure. The pressure per particle can be expressed as p = p 0 + p a + p in , where p 0 = k B T /A is the ideal gas pressure in 2D, p a is the swim pressure, and p in is the standard virial pressure term due to inter-particle interactions. They are given as,
The above expression for the total pressure p(Φ) defines an equation of state of ABPs without confinement. In the dilute limit, inter-molecular interaction diminishes and the swim pressure in a 2D system is given as p id A = k B T (1 + 3Pe 2 /2) at a given temperature [18, 19] . The swim pressure increases quadratically with activity for small Pe or Φ as Fig. 7 . At higher density the total pressure p is dominated by the swim pressure, therefore we analyse characteristics of swim pressure. Fig. 7 illustrates the swim pressure in the system plotted against Pe. The swim pressure grows quadratically in the limit of small Pe, until a phase separation occurs within the system. It is denoted by the change in the behavior of power-law near the critical Pe for the phase separation corresponding to Φ ≥ 0.15. This behavior is in contrast to the trend shown by Φ = 0.05, where there is no apparent phase separation and swim pressure increases with quadratically as p s ∼ Pe 2 . For Pe greater than the critical Péclet number, the swim pressure grows with power law behavior as p s ∼ Pe 3/2 . The change in the behavior of the swim pressure in the phase separated state is a consequence of large-number fluctuations in the active systems (See Fig. SI-2 for anomalous density fluctuations). In the limit of large Pe, the power-law exponent for the swim pressure is same as for the effective diffusion coefficient as suggested in Ref. [18] .
IV. SUMMARY
We have presented the Langevin dynamics simulations of polar active colloids whose motility is a dynamic quantity varying with its local density. At higher Péclet number, the system phase separates into cluster of living crystals with a hexagonal ordered phase even at a much smaller packing fraction (Φ = 0.15) than the previously reported results [11, 34, 65] . We have shown that a homogeneous phase spontaneously separates into the ordered crystalline aggregate, which has been quantified in term of the largest aggregate and its size distribution. The transition point is identified by employing a global order parameter Ψ 6 and correlation function C q6 , which clearly demonstrates the hexatic ordering inside the cluster.
Furthermore, we have shown the microscopic origin behind the aggregation in active system in terms of the repulsive and active force. The large inward active force on the surface causing the inward pressure on the surface molecules results in a large repulsion on the surface. The internal pressure balances from the large active force on the surface resulting an active crystalline phase which emerges even at very small densities. The profile of the repulsive forces certifies our claim with uniform force inside the cluster, and sharp increase near boundary with similar behavior for the magnitude of active force near the surface. The slow rotational diffusion of polar molecules results in a large inward active pressure which is responsible for rendering the cluster stable across the time-series without breaking, similar to the surface tension which retains boundary in liquids. The presented result is not unique for the adopted linear model proposed in Eq.3, we have also verified the results for an exponentially decaying self-propulsion force. It also shows the same qualitative behavior as few results presented in the Supplementary text see Fig. SI-6 , and 7. The dynamics of active particles in the cluster exhibits sub-diffusive behavior at short time due to caging from its neighbors.
In addition, our simulations shows that the swim pressure changes its scaling behavior from quadratic increase in gaseous phase to a power law increase with an exponent 3/2 in phase-separated state. More importantly, the behavior of the swim pressure and effective diffusion coefficient is qualitatively related in the phase separated state with variation according to Pe 3/2 [18] and parabolic increase in the homogeneous phase.
The living crystals have been found in the study of various artificial swimmers driven by the interplay of various complex mechanisms [20, 21, 57] . Our study suggests that if the active colloid can sense the presence of neighboring colloids by reducing their speed, the aggregates can form at much smaller density. Although the mechanism behind self-propulsion and growth of such living colloids may vary in various systems, the physics behind the stability of such crystals is generic. Our study reveals the detailed analysis of various local forces behind the stability of such active crystals. The effect of viscous lubrication, hydrodynamics, and anisotropic effect on the swimmers are excluded in our approach, which may be worthy to be taken into account for the study with more realistic approach.
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